Table of electronic factors for E0 electron and electron-positron pair
  conversion transitions by Dowie, J. T. H. et al.
ar
X
iv
:1
91
1.
00
03
1v
1 
 [n
uc
l-t
h]
  3
1 O
ct 
20
19
Table of electronic factors for E0 electron and electron-positron pair
conversion transitions
J.T.H. Dowiea, T. Kibe´dia,∗, T.K. Eriksena,1, A.E. Stuchberya
aDepartment of Nuclear Physics, Research School of Physics and Engineering, The Australian National University, Canberra, ACT 2601,
Australia
Abstract
A new tabulation of electronic factors is reported for electron conversion for elements of Z from 5 to
126 and electronic factors for electron-positron pair conversion for elements of even Z from 4 to 100.
The electronic factors for electron conversion, ΩCE(E0), were calculated using a modified version of the
CATAR program developed by Pauli and Raff with a relativistic-Hartree-Fock-Slater approach (Comp.
Phys. Comm. 9 (1975) 392). The electronic factors for electron-positron pair conversion, ΩIPF (E0),
were calculated using the model developed by Wilkinson (Nucl. Phys. A133 (1969) 1). The data
tables presented here cover all atomic shells up to R2 and transition energies from 1 keV to 6000 keV
and from 1100 keV to 8000 keV for pair conversion. A comparison with previous electronic factor
tabulations is presented. Ratios of experimental Ω(E0) values for 83 E0 transitions in 8 ≤ Z ≤ 98
are compared to this tabulation. Two examples of how to use the tabulation to extract E0 strengths
are also included.
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1. Introduction
Electric monopole (E0) transitions connect quantum states of the same spin-parity in atomic nuclei
and are associated with collective excitations and phenomena such as shape coexistence, isotope and
isomer shift, and volume oscillations. After more than 80 years since the first suggestion of an E0
transition, the 1.426 MeV transition in Radium C (214Po) by Ellis and Aston [1], the characterization
of E0 transitions still remains a challenge for both experimental nuclear spectroscopy and nuclear
theory [2–5].
The geometrical model of Bohr and Mottelson [6] predicts two different types of oscillations in
deformed nuclei with an ellipsoidal shape: (a) the β-vibration which preserves axial symmetry, and
(b) the γ-vibration which does not. Rotational structures built on these states can be observed in
the low energy spectrum of many deformed even-even nuclei. Transitions from the 0+ β-vibrational
state to the ground state were considered as the classical examples of pure E0 transitions. In nuclei of
spherical ground state, two-phonon excitations also can produce excited 0+ states. However, recently,
both of these vibrational models have been questioned [7]. An alternative approach, developed initially
for the interpretation of 0+ states in the vicinity of double-magic nuclei, has been proposed. Classical
examples of these multiparticle multihole excitations across the shell gap are the 0+ states in 16O and
40Ca, which in fact are the first-excited states in both nuclei. These states are deformed and in single
closed-shell nuclei bands built on such excited 0+ states have been observed in many cases. A distinct
feature of these nuclei is the co-existence of spherical and deformed states at similar excitation energies
and the presence of E0 transitions.
While in some cases it is possible to develop a consistent description of electric monopole transitions
[5], further theoretical progress is required for a unified picture. Our experimental knowledge of pure
E0 transitions, those between 0+ states, including branching ratios and absolute transition rates,
B(E0), is far from complete. Pure E0 transitions are expected over the entire nuclear landscape. For
a recent review, see [3]. For J → J transitions, where J > 0, E0 transitions mix with E2 and M1
transitions giving, in the general case, transitions of mixed E0+E2+M1 multipolarity. The last review
of these type of electromagnetic transitions, by Lange, Kumar and Hamilton [8] included the E0/E2 and
E2/M1 mixing ratios, which are required to fully characterize such transitions. However, this review
was published more than 30 years ago. A more recent compilation of mixed E0+E2+M1 transitions
can be found in Wood et al. [2], but a full review of the subject is long overdue.
Central to the characterization of the E0 transitions is the knowledge of the E0 electronic factors,
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Ω(E0). The E0 transition rate can be factorized into an electronic and a nuclear contribution. The
nuclear component contains all of the information about the nuclear structure while the electronic factor
represents the contribution of the atomic electrons to the transition rate. The E0 electronic factors
cannot be measured directly but can be calculated theoretically. Without the electronic factors, the
nuclear component cannot be extracted from the E0 transition rate.
BrIcc is a currently existing database of the most up-to-date and most accurate internal conversion
and pair-conversion coefficients for elements of Z between 5 to 126 [9]. The conversion coefficients are
obtained from the Dirac-Fock calculations of Band et al. [10], and the pair-conversion coefficients from
the work of Soff and Hofmann [11, 12]. The current Ω(E0) table adopted for BrIcc [9] is based on
three different calculations [13–15], which have been calculated using different physical assumptions,
and cover only the K, L1 and L2 atomic shells; the energy and Z range is also limited. Ω(E0) pair
conversion coefficients were calculated only for 8 ≤ Z ≤ 40 atomic numbers. Therefore, a new, more
complete tabulation is warranted.
In this paper, we present tables of electronic factors, Ω(E0) of electric monopole conversion proba-
bilities for all atomic shells up to the R2 with transition energies from 1 keV above atomic shell binding
energies to 6000 keV. New tabulations of ΩIPF (E0) for pair conversion are also presented. These tables
cover even Z in the range of 4 to 100 and transition energies from 1100 keV to 8000 keV. This coverage
is compatible with the range of the recent electron conversion coefficient calculations by Kibe´di et al.
[9]. The numerical calculations have been carried out with a modified version of the CATAR program
by Pauli and Raff [16] and using the self-consistent-field calculated via a modified version of the HEX
code by Liberman, Cromer and Waber [17]. The details of the programs used and the modifications
made will be discussed in 3.1. The ΩIPF (E0) values were calculated using WspOmega, a new code
based on the Wilkinson formulation [18].
2. E0 transitions and Ω(E0) electronic factors
The theoretical background for the emission of radiation via E0 transitions is well documented
[3, 14, 19–21]. The electric monopole operator couples the nucleons to the atomic electrons and the
Dirac sea. This interaction is completely localized within the nucleus and therefore the E0 transition
rate depends strongly on the charge distribution of the nuclear quantum states. It is widely accepted
that E0 transitions depend on certain details of the nuclear structure and can be used as a sensitive
probe of nuclear models.
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Electric monopole transitions proceed via the emission of a conversion electron or, for nuclear
transitions of energy greater than twice the electron rest mass, through the emission of an electron-
position pair. The emission of a single γ ray is strictly forbidden due to the conservation of the angular
momentum, and the probability of emission of two γ rays or de-excitation via any other two-quantum
process is sufficiently low as to be negligible [21]. Two-quantum processes are not considered in this
work. With these assumptions, the E0 transition probability can be expressed as
W (E0) =
1
τ(E0)
= Wce(E0) +WIPF (E0) , (1)
where τ(E0) is the partial mean life of the excited state with respect to the E0 decay, and Wce and
WIPF are the transition probabilities for internal conversion and pair emission, respectively.
Church and Weneser [19] were the first to introduce the so-called electronic factor, Ω(E0), to
evaluate the E0 transition probability, W (E0). The E0 transition probability can be separated into an
atomic (Ω(E0)) and a nuclear (ρ(E0)) component:
W (E0) = Ω(E0)× |ρ(E0)|2 . (2)
The dimensionless monopole strength parameter, ρ(E0), contains all of the information about nuclear
structure and is related to the monopole matrix element, M(E0), by
ρ(E0) =
〈f |M(E0)|i〉
eR2
, (3)
where e is the electronic charge, R = R◦A
1/3 is the nuclear radius, A is the atomic mass number, and
R◦ = 1.20 fm. The electronic factor is largely independent of the nuclear properties, but it depends on
the atomic number, the nuclear transition energy, and in the case of electron conversion, the atomic
shell involved.
2.1. Internal Conversion and Ω(E0) electronic factors
The internal conversion pathway of the E0 transition is well studied and the details of the formulae
and assumptions used here are described in detail in the work of Pauli, Alder, and Steffen [20]. The
E0 transition rate can be expressed as
Wce(E0) = 2π(j + 1)
|〈Iκ||HE0 ||Iκ〉|
2
2I + 1
, (4)
where j and κ are the total and relativistic angular momentum of the emitted electron, and I is the
initial and final nuclear spin, and |〈Iκ||HE0 ||Iκ〉| is the reduced E0 transition matrix element.
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The E0 transition matrix element for internal conversion is
〈f |H00|i〉 =
∫ ∞
0
dVnρn(rn)
∫ rn
0
dVeρe(re)
(
1
rn
−
1
re
)
, (5)
where the subscripts n and e denote nuclear and electron coordinates, respectively. The electron density,
ρe(re), can be replaced by the explicit expression in terms of the radial Dirac electron functions, giving:
〈f |H00|i〉 = −e
∫ ∞
0
dVnρn(rn)
∫ rn
0
dre[uκ(re)uκ◦(re) + vκ(re)vκ◦(re)]
(
1
rn
−
1
re
)
, (6)
where κ◦ and κ are the Dirac quantum numbers for the bound and continuum conversion electron,
respectively. The uκ(re) and vκ(re) are the large and small relativistic radial functions for the electron.
They are defined through the relativistic electron wave function:
〈r|κµ〉 = ψκµ(r ) =
1
r

uκ(r) φκµ(rˆ)
ivκ(r) φ−κµ(rˆ)

 , (7)
where φκµ are the Dirac angular momentum spinors.
Inside the nucleus, the radial functions can be expanded into a power series (see Eqn. 10.180
in [20]). Substituting the power series for the radial functions in Eqn. (6), and integrating over the
electron coordinates, we obtain
〈f |H00|i〉 =
∫ ∞
0
dVnρn(rn)(
∞∑
m=0
γm
(p¯+ 2m)(p¯+ 2m+ 1)
(
rn
R
)2m+p¯) , (8)
where the γm are the power series parameters for the radial wave functions, and p¯, for E0 transitions,
is 2|κ|. From here, we can apply the Wigner-Eckhart theorem, by extracting Ω(E0), and obtain ρ(E0).
The monopole transition strength can be expressed [20] as
ρ(E0) =
∫
dVnρn(rn)
(rn
R
)2|κ◦| [
1 +
(rn
R
)2 γ1
γ◦
2|κ◦|(2|κ◦|+ 1)
(2|κ◦|+ 1)(2|κ◦|+ 3)
+ ...
]
, (9)
and the Ωce(κ◦) electronic factor is defined as
Ωce(κ◦) = 2π(2j + 1)
(
eγ◦
2|κ◦|(2|κ◦|+ 1)
)2
. (10)
The Ωce electronic factor is related to the so-called E0 coefficient given by Hager and Seltzer [13],
Ace(E0), by
Ωce = 8παk × Ace(E0)× C , (11)
where α is the fine structure constant, k is the transition energy in m0c
2 units, and C = 7.7631× 1020
is a unit conversion factor.
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2.2. Internal pair formation and Ω(E0) electronic factors
For transitions with energies larger than twice the electron rest mass, an alternative process in-
volving the emission of electron-positron pairs can compete with the conversion electron process. The
theoretical development for internal pair formation is less well studied and a brief history of the de-
velopment will be given here. The first theoretical description of internal pair conversion was given in
1933 by Nedelsky and Oppenheimer [22] for transitions of angular momentum L > 0 and the presence
of electron-positron pairs for E0 transitions was first suggested by Fowler and Lauritsen [23] in 1939.
Thomas [24] developed a more detailed model after the first calculation of the pair emission rate by
Oppenheimer and Schwinger [25]. Using the Born approximation, Oppenheimer in 1941 [26] derived
a simple equation for the energy and angular correlation of E0 pair emission. These expressions had
limited validity for higher Z systems and for lower energy transitions. They did not take into account
the finite size of the nucleus, the effect of atomic screening, and the nuclear Coulomb effects.
The next development in the description of internal pair formation for E0 transitions was described
by Wilkinson in 1969 [18]. This formulation takes into account the effect of the nuclear Coulomb field
on the emission process, the Coulomb correction, and the effect of atomic screening is also corrected
for using a Thomas-Fermi-Dirac statistical model of the atom following the works of Durand, and
Bahcall [27, 28].
The most realistic model for internal pair formation was developed in 1981 by Soff [11]. This model
takes into account the finite size of the nucleus. Later in the 1990s Hofmann and Soff [12] extended
the model to evaluate the double differential emission probability, dΩIPF (E0)/dE dΘpi, where Θpi is the
separation angle between the electron and the positron. The theory of internal pair formation is well
described in the work of Hofmann et al. [29] and the key points will be summarized here.
Internal pair formation results in the emission of an electron-positron pair with the kinetic energies
of the electron and positron summing to that of the transition energy minus two times the rest mass of
an electron. The rate of this competing process can be expressed just like that for internal conversion.
WIPF (E0) is equal to the product of the E0 nuclear transition strength, ρ
2(E0) multiplied by the
electronic factor for internal pair formation, ΩIPF (E0):
WIPF (E0) = ρ
2(E0)× ΩIPF (E0) . (12)
The total pair conversion transition rate can be expressed as
WIPF =
2π
2Ji + 1
∑
i
∑
f
|Uif |
2δ(W +W ′ − ω), (13)
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where we are averaging over the initial states, and summing over the final states. Energy conservation
is enforced by the delta function, with the total electron energy (W ′), and the total positron energy
(W ), summing to give the transition energy, ω. The Uif is the pair transition amplitude which for an
E0 transition defined as,
Uif =
∑
κ,µ
∑
κ′,µ′
a∗κ′,µ′aκ,µU
(L=0)
if (14)
and
U
(L=0)
if = −e
∫ ∞
0
dVnρn(rn)
∫ rn
0
dre[uκ(re)u
′
κ(re) + vκ(re)v
′
κ(re)]
(
1
rn
−
1
re
)
. (15)
The matrix element U
(L=0)
if is the same as that for internal conversion as shown in Eqn. (6) except that
now the uκ and vκ are the large and small components for the positron, and the u
′
κ and v
′
κ are the
large and small components for the electron.
For internal pair formation, we express the electron and positron in the final state as Coulomb-
distorted plane waves, which are described by spherical Dirac waves in the form of Eqn. (7). The
decomposition of the Coulomb-distorted planes waves is via the equation
ψ
(±)
p,λ =
∑
κ,µ
a(±)κµ (Ω, λ)χκµ, (16)
where the aκµ are the expansion coefficients relating a Coulomb-distorted plane wave of definite mo-
mentum, p, and polarization, λ, to spherical Dirac waves of definite κ and µ. The electron and positron
are expressed as converging partial waves and described by the ψ(−)-type wavefunction and the a(−)
expansion coefficients. The expressions for a
(±)
κµ and ψ
(±)
p,λ can be found in [29].
The differential probability of pair emission with respect to the positron energy is given below:
dPe+e−
dE
=
2π
2Ji + 1
∑
Mi,Mf
∑
κ,κ′
∑
µ,µ′
∑
λ,λ′
∫
dΩ
∫
dΩ′a′∗κ′µ′aκ′µ′a
′
κµa
∗
κµ|U
(L=0)
if |
2 . (17)
Following the work of Wilkinson [18], we can make a number of approximations to simplify the
problem and make it more tractable. We can approximate the electron and positron wavefunctions for
a finite-sized nucleus by the pure Coulombic wavefunctions for a point nucleus evaluated at the nuclear
radius. These wavefunctions are be expressed in the notation of beta-decay by the Fermi functions.
The Fermi functions represent the ratio of the relativistic electron density at the nucleus to the density
at infinity [28]. Just as in beta-decay, the nuclear Coulomb effects must be taken into account. The
nuclear Coulomb field has the effect of inhibiting the emission of a positron, and enhancing the emission
of an electron. Its effect on electron-positron emission is energy dependent and is incorporated into
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the Fermi functions. This also means that we only consider electron and positron final states of j = 1
2
or κ = ±1. This is appropriate as the higher order moments (rk, k ≥ 4) in the monopole matrix
operator are negligible [11, 19]. The screening of the nuclear charge by the atomic electrons can also
be taken into account. This is easily done in this formalism by modifying the Fermi functions with the
Thomas-Fermi-Dirac model of the atom according to the works of Durand, and Bahcall [27, 28].
By expressing wavefunctions of the electron and positron as pure Coulombic wavefunctions evalu-
ated at the nuclear edge, we can express the integral as the product of two Fermi functions (one for
the positron and one for the electron). The E0 transition rate for pair conversion is evaluated as [18]:
WIPF (E0) =
8
9π
e4m50c
4
~7
|M(E0)|2
1
(1 + γ)2
∫ Epi−1
1
p+p−(E+E− − γ
2)F (Z,E+)F (Z,E−)dE+ , (18)
where e is the electron charge, m0 the electron rest mass and γ = (1−α
2Z2)1/2. The positron/electron
momenta in units of m0c are denoted p± and E± are the positron/electron total energy in units of
m0c
2 with E− +E+ equalling the transition energy. F (Z,E±) is the Fermi function and M(E0) is the
electric monopole matrix element.
In order to get an expression for the electronic factor for internal pair formation, we must divide
the internal pair formation rate, W (E0)IPF by ρ
2 which is related to the monopole matrix element by
Eqn. (3). We then obtain
ΩIPF (E0) =
8
9π
e6R4m50c
4
~7
1
(1 + γ)2
∫ Epi−1
1
p+p−(E+E− − γ
2)F (Z,E+)F (Z,E−)dE+ . (19)
By evaluating this equation we can obtain the electronic factor for internal pair formation, ΩIPF , as a
function of transition energy, and atomic number.
2.3. E0 electronic factors and nuclear structure
The electronic factors relate the transition probability for each E0 decay pathway to the nuclear
E0 strength. The total E0 transition probability, W (E0), sums over the different atomic shells and
processes (electron conversion and internal pair formation) by
W (E0) = |ρ(E0)|2 × [ΩK(E0) + ΩL1(E0) + ...+ ΩIPF (E0)] , (20)
where the transition rate of each component is just
Wi(E0) = |ρ(E0)|
2 × Ωi(E0) , (21)
and
W (E0) =
∑
i
Wi(E0) . (22)
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Experimentally, the monopole strength can be obtained directly if the partial mean life of the E0
transition, τ(E0), is known. Specifically,
ρ2(E0) =
1
[ΩK(E0) + ΩL1(E0) + ...+ ΩIPF (E0)]× τ(E0)
. (23)
For Jpi → Jpi transitions in which J 6= 0, the transition typically proceeds with a mixed M1+E2+E0
character and the ρ2(E0) monopole strength can be extracted as follows. The conversion coefficient of
this transition involving the i-th subshell or IPF, αi, can be written as
αi =
Ii(M1) + Ii(E2) + Ii(E0)
Iγ(M1) + Iγ(E2)
, (24)
where Ii(ML) is the intensity of conversion electrons or pair emission. Iγ(ML) is the gamma-ray
emission of multipolarity ML. Using the δ(E2/M1) mixing ratio, the ratio of the E2 to M1 γ-ray
intensities, the theoretical αi(E2) and αi(M1) conversion coefficients, Eqn. (24) can be written as:
αi =
αi(M1) + δ
2(E2/M1)[1 + q2i (E0/E2)]αi(E2)
1 + δ2(E2/M1)
. (25)
The q2i (E0/E2) is a quantity introduced by Church, Rose, and Weneser [30], which is the ratio of the
E0 and E2 conversion electron (or electron positron pair) intensities:
q2i (E0/E2) =
Ii(E0)
Ii(E2)
. (26)
If the E2 transition rate, Wγ(E2), is known, the ρ
2(E0) can be obtained from the following expres-
sion:
ρ2(E0) = q2i (E0/E2)×
αi(E2)
Ωi(E0)
×Wγ(E2) , (27)
where as above, the i subscript denotes the atomic shell or pair conversion.
3. Ω(E0) for conversion electrons
3.1. Numerical calculations
The electronic factors, Ωce, were calculated using a modified version of the CATAR program [16].
The details of the operation of the code can be found in [16], but a brief outline will be given here. The
program solves the Dirac equation for the bound and free electron states in a central potential with a
screening function given by the user input. These wave functions are used to calculate the electronic
factors for internal conversion, Ωce. The static nuclear charge distribution of the nucleus is treated as
a homogenously charged drop of radius 1.20A
1
3 fm.
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The screening functions used to calculate the tabulated values and accompanying database were
self-consistent Dirac-Fock-Slater (DFS) functions calculated for each element using a modified version
of the HEX code developed by Liberman, Cromer and Waber [17]. The self-consistent potentials were
calculated using a modified Kohn-Sham potential outlined in [17] and described in [31] and with the
application of the so called Latter tail correction [32]. The atomic mass numbers and electronic con-
figurations used in the calculation of each screening function were those found in [9], where applicable,
and for elements of Z ≥ 111, the configurations given in [33] were used.
The present calculations of the electronic factors use the so-called “No-Hole” approximation wherein
the effect of the atomic vacancy on the atomic potential is disregarded. In other words, the self-
consistent screening function is left unchanged before and after the conversion event. To improve the
accuracy, especially for transition energies close to the atomic shell binding energies, when the kinetic
energy of the outgoing electron is very low, the so-called “Frozen-Orbitals” approach [9] can be used.
It was determined [9] that for the calculations of the conversion coefficients over the full energy range,
the difference between the “No-Hole” and the “Frozen-Orbitals” approximations is about 1.6%. For
the E0 transitions of interest, the energy of the continuum electrons is at least of the order of 100 keV,
so the effect of the hole is expected to be minimal.
The published version of the CATAR program [16] contained some bugs. For the present calcu-
lations we used the same binding energies as for the BrIcc tabulations [9]. The interface to provide
external screening function has also been modified. To calculate the screening function the HEX code
was also modified by eliminations some bugs along with corrections given in [17].
For each element of Z from 5 to 126, the self-consistent DFS screening function was calculated
using the HEX code. These were then used to calculate the Ωi(E0) electronic factors for internal
conversion electrons involving all atomic shells (up to R2) and transition energies from 1 keV above
atomic shell binding energies to 6000 keV. For the N6 shell for Z = 63, the Q4 shell for Z = 122, and
the O8 shell for Z = 125 and 126, the calculations could not be performed due to instability in the
numerical solution of the bound electronic wave function.
Figure 1 shows the ΩK(E0) values as a function of transition energy for selected atomic numbers.
The electronic factors are increasing as a function of atomic number Z and transition energy. The same
general dependence was found for all other shells. Compared to the K-shell conversion coefficients,
αK (see Fig. 2), the energy dependence of the ΩCE(E0) values is opposite to that of the conversion
coefficients. This energy dependence is valid for all atomic shells. On the other hand, the Z-dependence
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Fig. 1: Plot of ΩK(E0) electronic factors for the K shell as a function of energy and for atomic numbers Z = 20, 40, 60, 80, 100 and 120.
is the same for both the E0 electronic factors and the internal conversion coefficients.
Figure 3 shows the ratio of the ΩK(E0) to the Ωtot,CE(E0) electronic factors. Here Ωtot,CE(E0)
only contains contributions from electron conversion. It is notable that the ratio has very little energy
dependence, however it decreases with atomic number Z.
3.2. Comparison with previous ΩCE(E0) tabulations
The previous E0 electronic factor tabulations are far from complete as the different tabulations
used different physical assumptions, and covered different regions in terms of transition energy, atomic
number, and atomic shell. Representative values obtained from the previous tabulations are compared
in Table A with values from this new tabulation. In each case Ωi(E0) values were obtained by numerical
interpolations.
The 1969 tabulation by Hager and Seltzer [13] (HsOmg) was carried out for every fourth Z between
Z = 30 and Z = 102. The values for the K, L1, and L2 shells were calculated, with transition energies
ranging from 6 keV above the threshold to 1500 keV for the K shell, and 1100 keV for the L1 and L2
shells. The finite size of the nucleus was approximated as a Fermi distribution, and the wave functions
were solved via a relativistic Hartree-Fock-Slater approach with the use of the Kohn-Sham corrections
to the Slater approach [34].
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Fig. 2: Plot of theoretical internal conversion coefficient for (a) M1, (b) E2 multipolarity and (c) E0 electronic factors for Z=40 as a function
of transition energy. Note the logarithmic scale on both axes. For clarity, only the K, L1, L2, M1, M2 and O1 shells, as well as internal pair
formation are shown. α(M1) and α(E2) conversion coefficients are from BrIcc [9]. The Ω(E0) values are from the present tabulation.
The second tabulation, by Bell et al. [14] (BeOmg) in 1970, included every second Z from Z = 40
to 102 and for the K, L1, and L2 shells. The electronic factors were calculated by modifying the
analytic point-nucleus wave functions from Church and Weneser [19] to account for the finite nuclear
size and atomic screening effects and covered an electron energy range from 51 keV to 2.5 MeV.
The third tabulation was by Passoja and Salonen in 1986 [15] (PaOmg). This tabulation covered
every even Z from Z = 8 to Z = 40. The electronic factors for electron conversion were only from the
K shell and calculated for transition energies from 511 keV to 12.8 MeV. The effects of the finite-sized
nucleus and atomic screening were not taken into account and this leads to an overestimation of the
ΩK(E0) electronic factor. This is visible in Table A at Z = 40 compared to the other tabulations.
The agreement between HsOmg, BeOmg and the present CATAR calculations is reasonably good,
except for L2 shell and Z = 40, where the BeOmg values are systematically lower. The present
calculations are the only one for atomic shells higher than L2. Our calculation also treat the effects of
the finite nuclear size as well as atomic screening consistently for all elements.
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Fig. 3: Plot of the ΩK/Ωtot,CE ratio as a function of transition energy and for atomic number Z=20, 40, 60, 80, 100 and 120. Note, that
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Table A
Comparison of ΩCE(E0) electronic factor tabulations for conversion electrons.
Transition energy Z Shell ΩCE(E0) [1/sec]
[keV] HsOmg BeOmg PaOmg CATAR
[13] [14] [15] This work
600 10 K 3.05E+5 2.77E+5
L1 1.58E+4
L2 2.79E+0
1000 K 5.37E+5 4.90E+5
L1 2.80E+4
L2 6.61E+0
1500 K 9.10E+5 8.30E+5
L1 4.74E+4
L2 1.34E+1
600 40 K 6.20E+8 6.23E+8 6.62E+8 6.15E+8
L1 6.88E+7 6.61E+7 6.80E+7
L2 3.89E+5 3.28E+5 3.84E+5
1000 K 1.05E+9 1.06E+9 1.09E+9 1.04E+9
L1 1.15E+8 1.11E+8 1.14E+8
L2 8.64E+5 7.28E+5 8.49E+5
1500 K 1.71E+9 1.74E+9 1.72E+9 1.70E+9
L1 1.83E+8 1.86E+8
L2 1.43E+6 1.65E+6
600 82 K 3.78E+11 3.77E+11 3.81E+11
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Table A
Continued
Transition energy Z Shell ΩCE(E0) [1/sec]
[keV] HsOmg BeOmg PaOmg CATAR
[13] [14] [15] This work
L1 6.37E+10 6.28E+10 6.41E+10
L2 2.35E+9 2.30E+9 2.36E+9
1000 K 5.81E+11 5.87E+11 5.86E+11
L1 9.55E+10 9.54E+10 9.65E+10
L2 4.43E+9 4.38E+9 4.46E+9
1500 K 8.70E+11 8.96E+11 8.79E+11
L1 1.41E+11 1.43E+11 1.43E+11
L2 7.56E+9 7.57E+9 7.64E+9
4. Ω(E0) for pair conversion
4.1. Numerical calculations
Our main aim is to present complete tables of ΩIPF (E0) to be used with BrIcc. The electronic
factors, ΩIPF (E0), were calculated using WspOmega, a new computational tool developed from the
work of Wilkinson [18]. ΩIPF (E0) values have been calculated for even Z from 4 to 100 using the atomic
masses of the most abundant isotopes adopted for BrIcc [9]. The range of nuclear transition energies
was between 1100 keV and 8000 keV similar to the L > 0 pair conversion coefficients tabulations
[35, 36]. The smooth dependence of ΩIPF (E0) on Z and transition energy makes it easy to obtain
values for odd Z by interpolating from neighbouring even Z values.
The electronic factors for internal pair formation were calculated by numerical integration of Eqn. 19
with the Simpson’s rule. The calculation of the Fermi function is based on Eqn. 7 from [37]. The effect
of the atomic screening is corrected for using a Thomas-Fermi-Dirac statistical model of the atom
following the works of Durand and Bahcall [27, 28].
Only electron and positron states with j = 1
2
or κ = ±1 were considered. This is because the effects
of the higher order moments (rk, k ≥ 4) in the monopole matrix operator are negligible [11, 19]. The
nuclear Coulomb effects have been taken into account but not the effect of the finite nuclear size. The
Fermi functions correspond to Dirac wavefunctions for a point source nucleus, evaluated at the nuclear
edge [18]. The effects of the finite nuclear size are expected to be important at high-Z systems and at
transition energies close to the threshold of 1.022 MeV. Wilkinson [18] has estimated that these effects
could alter the ΩIPF (E0) by not more than 10%.
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4.2. Comparison with previous ΩIPF (E0) calculations
There are only a handful of theoretical calculations of numerical ΩIPF (E0) values in the literature:
the work of Lombard, Perdrisat and Brunner [38], Passoja and Salonen [15], and Soff [11]. There is
only one published data table – the work of Passoja and Salonen – which only covers nuclei of Z < 40.
The other two papers only contain ΩIPF (E0) values for a small selection of nuclear transitions.
Table B compares the ratios of Ω(E0) values for the K-shell to pair conversion obtained from
previous publications and the present calculations to available experimental intensity ratios of K-shell
to pair formation.
Lombard, Perdrisat and Brunner [38] carried out so-called “exact” calculations of the internal
pair formation electronic factor using a modified Born approximation and relativistic electron wave
functions for a point nuclear charge calculated by Bhalla and Rose [39]. The published tables were
for transition energies of 2.5, 3.0, 4.0, and 5.0 mec
2 or for 1278, 1533, 2044, 2555 keV, and only for
Z = 0, 34, 48, 58, and 82. The finite nuclear size, and atomic screening was not taken into account.
Their calculated values only agree with experiment at very low atomic numbers. the difference to the
experiments and to the other calculations is quite significant for Z = 20 and above.
Passoja and Salonen [15] calculated the internal pair formation ΩIPF (E0) electronic factors for
atomic numbers Z = 8–40 and transition energies of 1430 to 12775 keV. To our knowledge, this is
the only data table on ΩIPF (E0); it was published in 1986 as an internal report of the University of
Jyva¨skyla¨. This calculation is based on Born approximation with corrections for the nuclear Coulomb
effects from Wilkinson [18] along with wavefunctions for a point nucleus. Atomic screening and finite
nuclear size were both neglected in the calculations.
A more realistic model of the partial pair emission probability, dΩIPF (E0)/dE was developed in 1981
by Soff, Schlu¨ter and Greiner [11]. Their model utilize relativistic electron and positron wavefunctions
[40], which are solutions of the Dirac equation with a point nucleus potential. To include the effect of the
finite nuclear size, the density of the electron states are included approximately, however the screening
of atomic electrons is neglected. These calculations only provide numerical values of ΩIPF (E0)/ΩK(E0)
ratios and according to our knowledge the code is not available.
Table B compares the ratios of Ω(E0) values for the K-shell to the pair conversion calculated with
the various models. The available experimental data for E0 intensity ratios between the K-shell and
internal pair formation is also shown. The agreement between Passoja [15], Soff [11] and the present
calculations is reasonably good. Note that in Table B, the K/IPF value for the 6048.2 keV transitions
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in 16O calculated in this work is significantly lower than in the works of Lombard et al., Passoja and
Salonen, and Soff. This difference may arise because the ΩK values of Lombard et al., Passoja and
Salonen, and Soff were calculated with point nuclear wavefunctions and no atomic screening. As seen
in Table A, the ΩK values of Passoja and Salonen are characteristically larger than the values from the
present calculations using CATAR, the Hager and Seltzer tabulation, and the Bell et al. tabulation.
This will inflate the values of the K/IPF Ω(E0) ratios.
Table B
Experimental data and theoretical values of K-shell electron to internal pair conversion
probability ratios for E0 transitions.
Nucleus Transition ΩK(E0)/ΩIPF (E0)
Energy Experiment Lombard Passoja Soff This work
[keV] [38] [15] [11]
16O 6048.2 4.00E-5 (46) [42] 3.92E-5 3.82E-5 3.8E-5 3.45E-5
40Ca 3352.6 6.94E-3 (20) [43] 6.0E-3 7.16E-3 7.16E-3 6.86E-3
42Ca 1837.3 0.111 (22) [44] 0.072 0.139 0.139 0.133
54Fe 2561.3 0.053 (14) [45] 0.0598 0.0575
0.053 (3) [46] 0.0598 0.0575
60Ni 2284.87 0.130 (28) [47] 0.135 0.135
64Zn 1910 0.46 (7) [48] 0.472 0.475
70Ge 2307.1 0.20 (8) [49] 0.212 0.207
90Zr 1760.70 3.0 (11) [50] 1.42 2.48 2.52 2.48
2.38 (8) [43] 1.42 2.48 2.52 2.48
2.28 (32) [51] 1.42 2.48 2.52 2.48
140Ce 1903.5 6.3 [52] 5.22 6.9 7.23
214Po 1416 440-625 [53, 54] 148 388.6 414
5. Numerical data tables
The new ΩCE(E0) and ΩIPF (E0) tabulations have been combined with our previous calculations
of internal conversion electron coefficients [9, 41], as well as pair conversion coefficients calculated by
Schulter [35] and Hofmann [36] as part of the BrIcc database (version 3.1). Details are given in Table C.
For additional details about the BrIcc database, see [9]. The new data tables were assembled as a
single file, containing probabilities of E0, E1 to E5 and M1 to M5 multipole orders, for electron and
pair-conversion.
Table C
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Tabulations of internal conversion coefficients and electronic factors available in BrIcc version 3.1.
Data Table Reference Z Shella L Ebγ [keV]
Conversion electrons
αIC Conversion coefficient
BrIccFO [9, 10] 5 – 110 K - Q1 1 – 5 ǫic+1 – 6000
[10, 41] 111 – 126 K - R2 1 – 5 ǫic+1 – 6000
ΩIC(E0) electronic factors
CATAR Present work 5 – 126 K - R2 0 ǫic+1 – 6000
Electron-positron pair emission
αpi Conversion coefficient
ScPcc [35] 0 – 49 IPF 1 – 3 1100 – 8000
HoPcc [36] 50 – 100 IPF 1 – 3 1100 – 8000
ΩIPF (E0) electronic factor
WspOmega Present work 4 – 100 (even) IPF 0 1100 – 8000
a IPF labels internal pair formation in the atomic shell field. See also Table D.
b ǫic is the binding energy for the ith atomic shell.
To obtain values for a given Z, transition energy, atomic shell, or multipolarity, the use of a cubic
spline interpolation is recommended. The data tables listed in Table C are distributed in a fixed
record size binary file, designed for modern computers and operating systems. Each record is 52 bytes
long, can hold up to 12 single-precision numbers: transition energy, Ω(E0) electronic factor and ten α
conversion coefficients for E1-E5 and M1-M5 multipolarities. The last 4 bytes are reserved for future
developments. For each element, the data tables are generated for up to 40 atomic shells. Electron-
positron pair conversion is considered for storage as one of the atomic shells as listed in Table D.
Within a given shell, conversion coefficients were calculated for a number of transition energies. The
numbers and values of the energies were chosen to minimize the uncertainty from the interpolation
procedure to be well below 0.3% [9].
The first record of the data file has the version of the data base, followed by 126 blocks of 41 records
for each Z. The conversion data starts at the 5169th record. Full details of the data file, including the
list of the records, are given in the ReadMe file available with the auxiliary files of this paper.
Table D
Atomic shells used in the data tables.
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Index Shell Atomic orbits
1 K 1s1/2
2-4 L1-3 2s1/2, 2p1/2, 2p3/2
5-9 M1-5 3s1/2, 3p1/2, 3p3/2, 3d3/2, 3d5/2
10-16 N1-7 4s1/2, 4p1/2, 4p3/2, 4d3/2, 4d5/2, 4f5/2, 4f7/2
17-25 O1-9 5s1/2, 5p1/2, 5p3/2, 5d3/2, 5d5/2, 5f5/2, 5f7/2, 5g7/2, 5g9/2
26-32 P1-7 6s1/2, 6p1/2, 6p3/2, 6d3/2, 6d5/2, 6f5/2, 6f7/2
33-37 Q1-5 7s1/2, 7p1/2, 7p3/2, 7d3/2, 7d5/2
38-39 R1-2 8s1/2, 8p1/2
40 π Internal electron-positron pair formation, IPF
6. Comparison with experiments
The basic relationship between E0 transitions rates and the electronic factor, Ω(E0), is given in
Eqn. (2). While the absolute E0 transition rates can be obtained from lifetime measurements or high-
energy electron-scattering experiments, neither ρ(E0) nor Ω(E0) can be determined independently
from experiments. Accurate calculated values of Ω(E0) are therefore essential to deduce ρ(E0) from
absolute E0 transition rates. While Ω(E0) cannot be experimentally determined, the ratio of E0 internal
conversion electron and/or E0 pair conversion intensities is equal to the ratio of the corresponding Ω(E0)
electronic factors.
In Table 1, 128 experimental Ω(E0) ratios are given, covering a wide range of atomic numbers (from
Z = 8 to Z = 98), transition energies (from 171.077 keV in 114Cd to 6048.2 keV in 16O), and involving
K– to N–shells and internal pair formation.
The corresponding theoretical ΩCE(E0) and ΩIPF (E0) values have been evaluated from the present
calculations and listed in the “Theory” column of Table 1. The difference between the experimental
intensity ratios (ΩratioExp ) and theoretical electronic factor ratios (Ω
ratio
Theory), ∆Ω
ratio, is in percent and
defined as:
∆Ωratio =
100× [ΩratioExp − Ω
ratio
Theory]
ΩratioTheory
. (28)
The uncertainty given for Ωratio only contains the contributions from the experimental values. Refer-
ences to the experimental data are given with their NSR [55] key numbers.
There is a significant variation in the experimental values and their uncertainties. In a few cases
only a limit is known. Most of the conversion electron data is on K/L ratios and there are only a few
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measurements on sub-shell ratios. To quantify the difference between the experimental and theoretical
ratios, data points from Table 1 with relative uncertainty ≤ 25% were selected.
These 83 data points are plotted in Fig. 4, where the horizontal axis is the percentage difference
between theory and experiment, as defined in Eqn. (28). The data points are plotted by decreasing
mass numbers. References are given on the right-hand side. Eight of the data points are K/IPF ratios
which correspond to the following E0 transitions: 6048.2 keV 16O, 3352.6 keV 40Ca, 1837.3 keV 42Ca,
2561.3 keV 54Fe, 2284.87 keV 60Ni, 1910 keV 64Zn, and 1760.70 keV 90Zr.
Considering electron conversion only, our calculations show (see Fig. 3) that between Z = 32 (Ge)
and Z = 98 (Cf) the contribution of K conversion changes from ∼ 90% to ∼ 80%. A visual examination
of Fig. 4 indicates that the difference between experiment and theory does not have any significant Z
dependence. The eight K/IPF ratios included also appear independent of Z.
To determine the average difference, we have used AveTools [56], which combines five different
statistical methods to calculate averages of experimental data with uncertainties: (a) Limitation of
Relative Statistical Weight (LWM) [58], (b) Normalised Residual Method (NRM) [58], (c) Rajeval
Technique (RT) [58], (d) Bootstrap method (BS) [59], (e) Mandel-Paule approach (MP) [60]. A
robust answer would be reached if all these methods gave the same answer, or the averages with their
uncertainties are overlapping. The most precise experimental value is the K/L+M+N+O ratio of 8.70
(6) (0.69% relative uncertainty) of the 689.6 keV E0 transition in 72Ge reported by Nessin et al. [43].
It is more than 5σ away from the corresponding theoretical value of 8.38. This point was marked as
outlier by the LWM, NRM, RT methods, so its uncertainty was increased to 2%. The K to L ratio
of the 1199.28 keV E0 transition in 178Hf [61] has been reported with about 9% precision, however
the deviation from the theoretical ratio is nearly 50%. This point has been excluded from the present
analysis.
Table E
Average ∆Ωratio differences for 83 E0 transitions shown in Fig. 4.
The averages have been determined using five statistical approaches.
Method ∆Ωratio (%) Reduced χ2
Limitation of Relative Statistical Weight [58] -4.6(15) 1.56
Normalised Residual Method [58] -4.9(7) 1.40
Rajeval Technique [58] -4.9(6) 1.30
Bootstrap method [59] -4.7(12) 1.51
Mandel-Paule Approach [60] -5(4) 1.51
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Average values for these ∆Ωratio differences are given in Table E. All five methods indicate that
the various ratios of E0 transition intensities are overestimated in the model by about 5%. The same
data set was also compared with Ω(E0) values from the old BrIcc database using ΩCE(E0) values from
Hager and Seltzer [13], Bell et al. [14], and Passoja [15] along with ΩIPF (E0) values from Passoja [15].
The average difference was slightly greater at 5.5(17)%.
The average differences for the 10 experimental ratios involving IPF are: LWM: -2.6(18)%, NRM:
-2.5(19)%, RT: -2.1(19)%, BS: -4(4)%, MP: -3.8(10)%. These values are overlapping and consistent
with each other. There appears to be consistent overestimation of the ratio of K-shell conversion to
internal pair formation of around 2.5%. Compared to the average difference of all data in Table E, the
theory appears to more accurate for the K-shell to pair formation ratio. More experimental data with
increased accuracy is needed to establish a firm conclusion on the uncertainty of the K-shell and IPF
Ω(E0) values.
The average difference between experimental and theoretical E0 ratios in Table 1 is dominated by
K/L ratios and more experimental data are needed to examine the model predictions for outer shells.
However, it is possible that the -4.6(15)% difference could be due to a systematic underestimation
of the electronic factors for the L and higher shells compared to the K-shell. The theoretical K/IPF
ratios are significantly more consistent with the experimental values, suggesting that the K and IPF
Ω values are more accurate than the values for the higher shells. The formation region for internal
conversion of E0 transitions is wholly within the nuclear volume and is purely a penetration effect.
This is in contrast to internal conversion processes of L > 0 where the formation region is outside the
nuclear volume [62]. Thus the Ω(E0) values are very sensitive to the electron wavefunctions inside the
nucleus and so depend very strongly on the particulars of the calculated wavefunctions and electronic
configurations. The outer shells are even more sensitive due to the effect of atomic screening on the
wavefunctions from the inner shells. From the present work, shown in Table E, we have adopted a 5%
uncertainty on the calculated ΩCE(E0) and ΩIPF (E0) values.
7. Using ΩCE and ΩIPF electronic factors for analyzing E0 transitions
Eqn. (20) describes the relation between E0 transition rate, the monopole strength parameter, ρ(E0),
and the electronic factor, Ω(E0). The conversion electron intensity for a particular shell (i) or for pair
conversion (π) is proportional to Ω(E0):
Ii,IPF ∝ Ωi,IPF (E0) . (29)
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Using the present table one can evaluate the complete set of Ωi,IPF (E0) values. Here we provide some
examples on the use of Ω(E0) electronic factors to analyse pure E0 and mixed E0+E2+M1 transitions.
7.1. 42Ca 1837.3 keV E0
The ratio of the K conversion electron and pair conversion of the pure E0 transition in 42Ca
was measured by Benzer-Koller et al. [44] (Table 8): IK/IIPF = 0.111(22). This experimental ra-
tio 17(20)% is lower than the calculated one using the present tabulation. Belyaev, Vasilenko and
Kaminker [65] measured the pair production to K+L conversion electron ratio, IIPF/IK+L = 6.1 (8),
which is 13(15)% higher than the calculated one. The 1837.31 keV 0+ state also decays with a 312.60
keV E2 transition. The ratio of the K-shell conversion electron intensities of the E2 and E0 transitions
is reported by Benzer-Koller et al. [44], IK(E2)/IK(E0) = 1.03(10). To evaluate the ratio of the total
E0 to E2 intensities here we only make use of the experimental IK(E2)/IK(E0) value and the theo-
retical conversion coefficients and E0 electronic factors: αK(E2) = 0.00310(5), αtot(E2) = 0.00340(5),
ΩIPF (E0) = 2.54(13)E +8 and Ωtot(E0) = 2.91(15)E +8. From these data the E0/E2 branching ratio
was deduced as:
Itot(E2)
Itot(E0)
=
IK(E2)
IK(E0)
×
1 + αtot(E2)
αK(E2)
×
IK(E0)
IIPF (E0)
×
ΩIPF (E0)
Ωtot(E0)
= 32(7) (30)
Using Eqn. 30 and the adopted half-life of the 1837.31 keV 0+ state [63], T1/2 = 387(6) ps the ρ
2(E0)
can be obtained as:
ρ2(E0) =
ln(2)
Ωtot(E0)× (1 +
Itot(E2)
Itot(E0)
)× T1/2
= 0.19(4) . (31)
In comparison, the 2005 evaluation of E0 transition strengths by Kibe´di and Spear [3] gave ρ2(E0) =
0.140(12). This value is based on the Itot(E0)/Iγ = 2.05(17)/100.0(18) from the 2001 ENSDF evalua-
tion [64].
7.2. 238U 921.10 keV E0+E2+M1
Table F
Transitions from the 966.13 keV 2+ state in 238Ua.
Eγ [keV] Iγ Multipolarity J
pi
f Comments
234.5(10) 13.9(14) E1 3−
286.3(10) 8.1(7) E1 1−
818.06(13) 100(4) E2 4+
921.19(3) 60(3) E0+E2+M1 2+ δ2(E2/M1)=+4.1+0.6−0.5
αK(exp)=0.191(30)
966.9(3) 27.3(14) E2 0+22
Table F
Transitions from the 966.13 keV 2+ state in 238Ua.
Eγ [keV] Iγ Multipolarity J
pi
f Comments
a Data from [66]
The decay data of the 966.13 keV 2+ state in 238U was taken from the recent ENSDF evaluation of
Browne and Tuli [66] and is listed in Table F. The 921.19 keV transition is a 2+ → 2+ transition. The
experimental K-conversion coefficient, αK(exp)=0.191(30) is larger than the M1 (αK(M1)=0.0343) or
E2 (αK(E2)=0.00887) values, indicating an E0 admixture. Using Eqn. (25) the E0/E2 mixing ratio
can be extracted as:
q2K(E0/E2) =
αK(exp)× (1 + δ
2(E2/M1))− αK(M1)
δ2(E2/M1)× αK(E2)
− 1 (32)
= 20+3−4 .
The resulting E0/E2 mixing ratio is slightly asymmetric, however the total conversion coefficient,
αtot = 0.26(4) deduced from the theoretical αi(M1) and αi(E2) and Ωi(E0) values, using δ(E2/M1)
and qi(E0/E2) mixing ratios (i = K, L1, L2, etc. atomic shells) has a symmetric uncertainty. It should
be noted that the value of the E0/E2 mixing ratio is not the same for the various atomic shells or for
pair conversion. Using the Ω(E0) and α(E2) values q2j (E0/E2) can be obtained from q
2
i (E0/E2) as:
q2j (E0/E2) = q
2
i (E0/E2)×
Ωj(E0)
Ωi(E0)
×
αi(E2)
αj(E2)
. (33)
Using Eqn. 30 the E0 strength parameter:
ρ2(E0) = q2K(E0/E2)× αK(E2)×
Iγ(E2)∑
Itot
×
ln(2)
T1/2
(34)
= 0.0057+22−24 ,
where Iγ(E2) and αK(E2) are the gamma-ray intensity and K-shell conversion coefficient of the 921.19
keV transition. Other parameters to deduce the total EM radiation intensity de-exciting the 966.13
keV level,
∑
Itot, were taken from Table F. The level half-life of T1/2 = 2.4
+17
−7 ps is very asymmetric,
therefore a Monte-Carlo uncertainty propagation program [67] was used to evaluate the mean value
and asymmetric uncertainties from the probability density function (PDF) of ρ2(E0) shown in Fig. 5.
The present value of ρ2(E0) = 0.0056+22−24 is lower than the ρ
2(E0) = 0.0099(18) reported by Ga´csi et
al. [68]. A large part of the difference can be attributed to the fact that in [68] the contribution of the
M1 multipolarity to the K-shell conversion coefficient has not been taken into account.
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8. Conclusion
Here we report on the calculation of E0 electronic factors for internal conversion and electron-
positron pair conversion. These tables will replace the current ones in BrIcc [9].
For the electron conversion a modified version of the CATAR program [16] was used. ΩCE(E0)
values are presented for all nS and nP atomic shells in the Z = 5 to 126 elements and covering the
same energy range as for the conversion coefficients in BrIcc. For pair conversion a new code has been
developed using Wilkinson’s formulation [18] for elements of even Z = 4 to 100 and 1100 to 8000 keV
transition energies.
In Table B the calculated ΩCE(E0) and ΩIPF (E0) values are compared with available theoretical
calculations and a satisfactory agreement was found. To our knowledge, there is no experimental data
is available to make a direct comparison of ΩCE(E0) or ΩIPF (E0) values. In Table 1, 128 ratios of
Ω(E0) values are compared with theoretical values. Fig. 4 shows the percentage differences between
experiment and theory. No obvious Z or mass dependence is visible in the figure. The average difference
between the experimental and theoretical values is −4.6(15)%, indicating that the theoretical ratios are
overestimating experiments. Further theoretical work is needed to improve the calculations of Ω(E0).
Based on the above analysis, a general 5% uncertainty was adopted for the accuracy of the present
numerical tables. A new data table has been built using electron and pair conversion coefficients for
L > 0 multipolarities from our previous calculations [9, 41] and combined with the present calculations
for E0 transitions. The binary table is available as an auxiliary file to this publication and will be
available in the new version of BrIcc.
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-40 -20  0  20  40
∆ Ωratio [%]
250Cf 1266.6 K/N 1980Ah03
250Cf 1266.6 K/M 1980Ah03
250Cf 1266.6 K/L12 1980Ah03
246Cm 1174.72 K/L 1976Mu03
244Cm 984.919 K/M1 1984Ho02
244Cm 984.919 K/L1 1984Ho02
238Pu 1426.6 K/L 1972Ah04
238Pu 1228.7 K/L 1972Ah04
238Pu 1031.3 K/L 1972Ah04
238Pu 941.5 K/L 1972Ah04
238Pu 939.0 K/L 1972Ah04
238Pu 673.4 K/L 1972Ah04
236U 684.5 K/L 1982Ge02
214Po 1415.8 K/L 1960Lu07
208Po 1271.6 K/L 1985Ra21,1990Tr01
208Po 1271.6 K/L 1970Go09
208Pb 5241 K/L 1987Ju06,1990Tr01
208Pb 4870 K/L 1987Ju06,1990Tr01
208Pb 4870 K/L 1987Ju06,1990Tr01
206Pb 1166.4 K/L 1990Tr01
206Pb 1166.4 K/L 1977Dr08
204Pb 1582.7 K/L 1986Ka07,1990Tr01
202Pb 2159 K/L 1986Ka07,1990Tr01
202Pb 1862 K/L 1986Ka07,1990Tr01
198Pb 1734.7 K/L 1987Va09,1990Tr01
196Pb 1697.8 K/L 1987Va09,1990Tr01
196Pb 1142.7 K/L 1987Va09,1990Tr01
194Pb 930.6 K/L 1987Va09,1990Tr01
192Pb 768.5 K/L 1987Va09,1990Tr01
188Pb 725 K/L 1999Le61
188Pb 591 K/L 1999Le61
188Hg 824.5 K/L 1984Co17
186Hg 522.5 K/L 1977Co21
188Pt 799.2 K/L 1972Fi12
182Pt 499.44 K/L 1999Da18
182Pt 499.44 K/L 1974Ca28
176Os 601.3 K/L 1994Ki01
174Os 545.5 K/L 1994Ki01
178W 1294.4 K/L 2001Ki10
178Hf 1443.80 K/M 1974Ha63
178Hf 1443.80 K/L 1974Ha63
178Hf 1199.28 K/L 1972Gi05
178Hf 1199.28 K/L 1961Ga05
178Hf 1199.28 K/L 1971Oh03
176Hf 1292.9 K/L 1971Be10
172Hf 1334.5 K/L 1973Ca10
156Gd 1049.46 K/L 1974Sc03
154Gd 680.652 M/NO 1987Sa41
154Gd 680.652 K/L 1987Sa41
146Gd 3639 L/M 1987Ya13
146Gd 3639 K/L 1987Ya13
142Nd 2219 K/L 1969Ar24
140Ce 1903.5 K/(LMN) 1968Ab17140Ce 1903.5 K/(LM) 1964Hi03
140Ce 1903.5 L/M 1962Ba57
140Ce 1903.5 K/L 1967Ka12
140Ce 1903.5 K/L 1962Ba57
140Ce 1903.5 K/L 1959Dz10
140Ce 1903.5 K/L 1958Dz01
138Ce 1476.9 K/LM 1971Af05
124Te 1883.3 K/M 1986Su11
124Te 1883.3 K/L 1986Su11
114Cd 1305.59 K/LM 1962Gr22
114Cd 1305.59 K/L 1966Ba10
114Cd 1134.60 K/LM 1962Gr22
102Pd 1592 K/L 1987Fa07
98Mo 734 K/L 1975Kh05
98Zr 854 K/L 1975Kh05
90Zr 1760.70 K/IPF 1980PaZF
90Zr 1760.70 K/IPF 1962Ne02
90Zr 1760.70 K/LMNO 1962Ne02
98Sr 215 K/L 1980Sc13
72Se 937 K/L 1974Dr02
72Ge 689.6 K/L 1972Dr02
72Ge 689.6 K/LMN 1962Ne02
64Zn 1910 K/IPF 1985Pa07
68Ni 1605 KLMN/IPF 2014Su05
60Ni 2284.87 K/IPF 1986Pa19
54Fe 2561.3 K/IPF 2018ErZZ
42Ca 1837.3 KL/IPF 1971Be76
42Ca 1837.3 K/IPF 1961Be19
40Ca 3352.6 K/IPF 1962Ne02
16O 6049.4 K/IPF 1963Le06
Average: -4.6(15)
Fig. 4: Percentage differences between experimental E0 intensity ratios and theoretical Ω(E0) electronic factor ratios, ∆Ωratio. See Eqn. (28)
for definition. Experimental data with less than ±25% relative uncertainty taken from Table 1. The average difference of ∆Ωratio = −4.6(15)%
is indicated by a shaded area.
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P
D
F
2(E0)
 0
 0.01
 0.02
 0  0.005  0.01  0.015  0.02
238U 921.19 keV M1+E2+E0
2(E0)=0.0057(+22-24)
2(E2/M1)=4.1(+6-5)
q2K(E0/E2)=20(+3-4)
Fig. 5: Plot of probability density function of ρ2(E0) evaluated using Eqn. (35). The red line indicates the mean value of ρ2(E0) and the
shaded area corresponds to the upper and lower 1 σ boundaries.
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Table 1. Ratio of experimental conversion electron (CE) and electron-positron pair con-
version intensities for E0 transition in even–even atomic nuclei.
(Throughout this table, italicized numbers refer to the uncertainties in the last digits of the quoted
values.)
Nuclide The even Z, even N nuclide studied
Etran Energy of the E0 transition in keV either from the Adopted levels and gammas
of the Nuclear Data Sheet or from cited literature
Shell Atomic electron shell (K,L,M, etc), or electron-positron pair (IPF)
ΩratioExp Ratio of the experimental pure E0 intensities
ΩratioTheory Ratio of the calculated Ω(E0) electronic factors from the present tabulation
Difference Relative percentage difference between the experimental E0 intensity ratio,
ΩratioExp and the calculated Ω(E0) electronic factor ratio, Ω
ratio
Theory. See Eqn. 28
References NSR [55] key numbers of the source of the experimental intensity ratios.
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Table 1
Ratio of experimental conversion electron (CE) and electron-positron pair conversion intensities for E0 transition
in even-even atomic nuclei. See page 32 for explanation of the tables.
Nuclide Etran Shell E0 ratio Difference Reference
[keV] ΩratioExp Ω
ratio
Theory [%]
16
8O 6048.2 (10) K/IPF <1E-4 3.45E-5 [1962Ne02]
K/IPF 4.00E-5 (46) 3.45E-5 +16 (12) [1963Le06]
40
20Ca 3352.6 K/IPF 6.94E-3 (20) 6.86E-3 +1 (3) [1962Ne02]
42
20Ca 1837.3 K/IPF 0.111 (22) 0.133 -17 (20) [1961Be19]
KL/IPF 0.164 (21) 0.145 +19 (13) [1971Be76]
54
26Fe 2561.3 K/IPF 0.053 (14) 0.0575 -8 (26) [1986Pa19]
K/IPF 0.053 (3) 0.0575 -8 (5) [2018ErXX]
60
28Ni 2284.87 K/IPF 0.130 (28) 0.135 -4 (22) [1981Pa10]
68
28Ni 1605 5 KLMN/IPF 0.98 (13) 1.63 -40 (13) [2014Su05]
64
30Zn 1910 K/IPF 0.46 (7) 0.475 -3 (15) [1985Pa07]
70
32Ge 2307.1 K/IPF 0.20 (8) 0.207 -3 (40) [1985Pa15]
72
32Ge 689.6 (5) K/(L+M+N) 8.70 (6)
(b 8.38 +3.8 (7) [1962Ne02]
K/L 8.4 (6) 9.77 -14 (7) [1974Dr02]
72
34Se 937 K/L 8.1 (3) 9.58 -15 (4) [1974Dr02]
98
38Sr 215.5 (1) K/L 8.7 (6) 9.09 -4 (7) [1980Sc13]
90
40Zr 1760.70 (20) K/(L+M+N+O) 7.06 (8) 7.52 -6.1 (11) [1962Ne02]
K/IPF 3.0 11) 2.48 +21 40 [1957Yuasa]
K/IPF 2.38 (8) 2.48 -4 (3) [1962Ne02]
K/IPF 2.28 (32) 2.48 -8 (14) [1980Pa-thesis]
98
40Zr 854.0 (2) K/L 9.7 (19) 9.0 +8 (20) [1975Kh05]
98
42Mo 734.75 (4) K/L 9.4 (13) 8.8 +7 (14) [1975Kh05]
100
42Mo 695.1 K/L 11.7 (38) 8.83 +33 (33) [1975Kh05]
102
46Pd 1592.6 (5) K/L 7.4 (7) 8.6 -14 (9) [1987Fa07]
114
48Cd 171.077 (5) K/L >7 8.20 >-14.6 [1966Ba10]
1134.60 (5) K/L 10 (5) 8.4 +20 (50) [1966Ba10]
K/(L+M) 5.4 (8) 7.0 -23 (15) [1962Gr22]
1305.59 (4) K/L 8.4 (8) 8.4 +0 (10) [1966Ba10]
K/(L+M) 6.6 (7) 7.0 -6 (11) [1962Gr22]
124
52Te 1883.3 K/L 8.2 (6) 8.1 +1 (8) [1986Su11]
K/M 36 (9) 41 -12 (25) [1986Su11]
136
54Xe 2582.4 K/L 5.0 8.0 -37.3 [1991Ma07]
138
58Ce 1476.9 (2) K/(L+M) 4.9 (8) 6.3 -22 (16) [1971Af05]
140
58Ce 1903.5 K/L 6.3 (13) 7.7 -18 (21) [1958Dz01]
K/L 5.8 (3) 7.65 -24 (5) [1959Dz10]
K/L 7.40 (34) 7.65 -3 (5) [1962Ba57]
K/L 8.4 (14) 7.65 +10 (16) [1967Ka12]
K/L 10.0 (17) 7.65 +31 (17) [1991Ch05]
L/M 3.7 (4) 4.81 -23 (11) [1962Ba57]
K/(L+M) 6.20 (14) 6.34 -2.2 (23) [1964Hi03]
K/(L+M+N) 5.55 (15) 6.09 -9 (3) [1968Ab17]
K/IPF 6.3 7.2 -13 [1960An05]
140
60Nd 1412.9 K/L 4.6 (14) 7.5 -39 (31) [1973VaYZ]
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Table 1
(Continued)
Nuclide Etran Shell E0 ratio Difference Reference
[keV] ΩratioExp Ω
ratio
Theory [%]
142
60Nd 2219 (2) K/L 7.5 (10) 7.5 -0 (13) [1969Ar24]
150
62Sm 740.6 (1) K/L 29 (30) 7.25 +300 (100) [1962Bi16]
152
62Sm 684.85 (20) K/L >5.9 7.24 >-18.5 [1975Sc32]
146
64Gd 3485 K/L 10 (5) 7.24 +38 (50) [1987Ya13]
3639 K/L 7.2 (6) 7.3 -1 (8) [1987Ya13]
3639 L/M 2.6 (5) 4.6 -44 (19) [1987Ya13]
152
64Gd 432.52 (10) K/L 7.0 (20) 7.0 -1 (29) [1960Fr06]
5.1 (17) 7.0 -28 (33) [1975Sc32]
K/L1 7.6 7.1 +6.4 [1967Ko15]
K/M 39 33 +19 [1967Ko15]
152
64Gd 615.44 (20) K/L 6.45 7.08 -8.90 [1961Ha23]
K/L 5.7 (19) 7.1 -20 (33) [1967Ma29]
K/L 7.5 (62) 7.08 +6 (83) [1975Sc32]
K/M 25 33 -24 [1961Ha23]
154
64Gd 680.652 (7) K/L 4.2 7.1 -41 [1961Ha23]
K/L 7.01 (53) 7.09 -1 (8) [1987Sa41]
M/(N+O) 3.8 (4) 3.6 +5 (11) [1987Sa41]
156
64Gd 1049.46 (8) K/L 9.9 (14) 7.1 +39 (14) [1964Pe17]
K/L 6.8 (7) 7.1 -5 (10) [1974Sc03]
164
68Er 456.4 (2) K/L 6.0 (24) 6.7 -11 (40) [1990Ad07]
926.4 (4) K/L 5.7 (22) 6.8 -17 (37) [1990Ad07]
1246.1 (4) K/L 7.1 6.86 +3.50 [1967Vr04]
K/L 6.5 (23) 6.86 -5 (35) [1990Ad07]
1765.8 (4) K/L 2.9 6.9 -58 [1967Vr04]
K/L 5.7 (22) 6.9 -17 (39) [1990Ad07]
2172.5 (4) K/L 6.0 (22) 6.9 -13 (37) [1990Ad07]
168
70Yb 1197 (4) K/L 7.1 6.7 +5.8 [1966Gr04]
K/M 24 30 -20 [1966Gr04]
1543 (4) K/L 5.7 6.7 -15 [1966Gr04]
172
72Hf 1296.2 (10) K/L 7.5 (24) 6.6 +14 (32) [1973Ca10]
1334.5 (12) K/L 5.6 (10) 6.58 -15 (18) [1973Ca10]
K/M 50 (31) 29 +71 (62) [1973Ca10]
176
72Hf 1292.9 (3) K/L 6.3 (14) 6.57 -4 (20) [1971Be10]
178
72Hf 1199.28 (5) K/L 5.8 6.6 -12 [1961Ga05]
K/L 5.7 (5) 6.56 -13.1 (88) [1971Oh03]
K/L 5.7 (4) 6.56 -13.1 (70) [1972Gi05]
K/L 3.36 (27) 6.56 -49 (8) [1974Ha63]
1443.80 (5) K/L 5.3 6.6 -20 [1961Ga05]
K/L 6.07 (17) 6.58 -8.6 (28) [1972Gi05]
K/L 5.65 (26) 6.58 -14.1 (46) [1974Ha63]
K/M 21.8 (16) 29.2 -25.3 (73) [1974Ha63]
178
74W 1294.4 (2) K/L 5.6 (8) 6.4 -13 (14) [2001Ki10]
174
76Os 545.5 K/L 5.4 (13) 6.16 -12 (24) [1994Ki01]
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Table 1
(Continued)
Nuclide Etran Shell E0 ratio Difference Reference
[keV] ΩratioExp Ω
ratio
Theory [%]
176
76Os 601.3 K/L 5.9 (15) 6.17 -4 (25) [1994Ki01]
178
78Pt 421.0 K/L 5.6 (19) 5.98 -6 (34) [1999Da18]
182
78Pt 499.3 (4) K/L 6.4 (13) 6.00 +6 (20) [1974Ca28]
K/L 5.6 (12) 6.00 -6 (21) [1999Da18]
188
78Pt 799.2 (5) K/L 6.06 (22) 6.09 -1 (4) [1972Fi12]
194
78Pt 1479.27 (10) L1/L2 26 (7) 21.7 +20 (27) [1970Ag05]
186
80Hg 522.5 (7) K/L 5.7 (8) 5.86 -2 (14) [1977Co21]
K/L ∼6 5.86 +2.4 [1976Mu03]
188
80Hg 824.5 (2) K/L 4.7 (8) 5.92 -21 (17) [1984Co17]
188
82Pb 591 (2) K/L 5 (1) 5.73 -13 (20) [1999Le61]
725 (2) K/L 5.4 (10) 5.76 -6 (19) [1999Le61]
192
82Pb 768.5 (4) K/L 5.22 (66) 5.77 -10 (13) [1987Va09, 1990Tr01]
194
82Pb 930.6 (4) K/L 4.95 (34) 5.79 -15 (7) [1987Va09, 1990Tr01]
196
82Pb 1142.7 (3) K/L 5.95 (21) 5.82 +2.2 (35) [1987Va09, 1990Tr01]
1697.8 (5) K/L 6.23 (36) 5.87 +6.1 (58) [1987Va09, 1990Tr01]
198
82Pb 1734.7 K/L 5.41 (93) 5.87 -8 (17) [1987Va09, 1990Tr01]
202
82Pb 1862 (1) K/L 3.86 (62) 5.88 -34 (16) [1986Ka07, 1990Tr01]
2159 (1) K/L 5.72 (40) 5.89 -3 (7) [1986Ka07, 1990Tr01]
204
82Pb 1582.7 (10) K/L 5.72 (25) 5.86 -2 (4) [1986Ka07, 1990Tr01]
206
82Pb 1166.4 (5) K/L 6.0 (10) 5.83 +3 (17) [1977Dr08]
K/L 5.61 (38) 5.83 -3.8 (68) [1990Tr01]
208
82Pb 4870 (3) K/L 6.39 (88) 5.95 +7 (14) [1987Ju06, 1990Tr01]
K/L 5.94 (20) 5.95 -0.2 (34) [1987Ju06, 1990Tr01]
5241 (3) K/L 6.09 (57) 5.96 +2.2 (94) [1987Ju06, 1990Tr01]
208
84Po 1271.6 (8) K/L 5.7 (3) 5.69 +0.2 (53) [1970Go09]
K/L 5.59 (24) 5.69 -1.8 (43) [1985Ra21, 1990Tr01]
214
84Po 1415.8 K/L 5.25 (22) 5.70 -7.9 (42) [1960Lu07]
4.223492U 809.8 K/LMN 3.5 3.86 -9.3 [1963Le17]
236
92U 684.5 (7) K/L 4.7 (14) 5.03 -7 (3) [1982Go02]
238
94Pu 673.4 (2) K/L 4.6 (5) 4.9 -6 (11) [1972Ah04]
939.0 (2) K/L 5.1 (2) 4.9 +3 (4) [1972Ah04]
941.5 (2) K/L 4.9 (2) 4.9 -1 (4) [1972Ah04]
1031.3 (3) K/L 4.8 (5) 4.9 -3 (10) [1972Ah04]
1228.7 (3) K/L 5.5 (5) 5.0 +10 (9) [1972Ah04]
1426.6 (3) K/L 5.6 (7) 5.0 +12 (13) [1972Ah04]
244
96Cm 984.919 (20) K/L1 4.9 (8) 5.16 -5 (16) [1984Ho02]
K/M1 17.8 (33) 21.2 -16 (19) [1984Ho02]
K/N1 70 (36) 76.0 -8 (51) [1984Ho02]
246
96Cm 1174.72 K/L 4.2 (5) 4.82 -13 (12) [1976Mu03]
250
98Cf 1154.3 (2) K/L12 5.3 (15) 4.68 +13 28 [1980Ah03]
K/M 8.8 (30) 18.9 -53 34 [1980Ah03]
1266.6 (2) K/L12 5.2 (5) 4.68 +10 10 [1980Ah03]
K/M 18.9 (25) 18.9 +0 13 [1980Ah03]
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Table 1
(Continued)
Nuclide Etran Shell E0 ratio Difference Reference
[keV] ΩratioExp Ω
ratio
Theory [%]
K/N 54 (13) 67.5 -20 24 [1980Ah03]
(a) – Outside the range of the present calculations.
(b) – The uncertainty of the measurement was increased from 0.06% to 2%.
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